In this study, ageotropum pea mutant was used to determine the threshold time for perception of an osmotic stimulation in the root cap and the time requirement for transduction and transmission of the hydrotropic signal from the root cap to the elongation region. The threshold time for the perception of an osmotic stimulation was compared to current estimates of threshold times for graviperception in roots. The time required for transduction and transmission in the hydrotropic response of ageotropum was compared to the time requirement in the gravity response of Alaska pea roots. We determined that threshold time for perception of an osmotic stimulation in the root cap is very rapid, occurring in less than 2min following the application of sorbitol to the root cap. Furthermore, a single 5 min exposure of sorbitol to the root cap fully induced a hydrotropic response. We also found that transduction and transmission of an osmotic stimulus requires 90-120 min for movement from the root cap to more basal tissues involved in differential growth leading to root curvature. The very rapid threshold time for perception of root hydrotropism is similar to those times reported for root gravitropism. However, the time required for the transduction and transmission of an osmotic stimulation from the root cap is significantly longer than the time required in gravitropism. These results suggest that there must exist some differences between root hydrotropism and gravitropism in either the rate or mechanisms of transduction and transmission of the tropistic signal from the root cap.
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The hydrotropic response of plant roots to water gradients in the soil was discussed in some of the earliest reports on tropistic responses of plants (Sachs 1872 , Darwin 1881 , Molisch 1883 , Hooker 1915 . However, further investigation of the hydrotropic response of roots was limited because it was difficult to separate the hydrotropic response of roots from the gravitropic response. The biological advantage of closely linking the hydrotropic and gravitropic response mechanisms of roots has been presented in previous works (Takahashi 1994 , Oyanagi et al. 1995 , Takano et al. 1995a . In recent years, experiments have demonstrated that the gravity response of roots can be separated from the hydrotropic response by using the agravitropic pea mutant ageotropum (Jaffe et al. 1985, Takahashi and Suge 1991) . The roots of this mutant do not respond to gravity, but do exhibit a positive growth response to moisture gradients of less than \% RH mm" 1 created within a closed chamber using saturated aqueous solutions of various salts Scott 1993, Oyanagi et al. 1995) . The ageotropum roots also respond in a positive hydrotropic fashion when the root is osmotically stimulated by the unilateral application of a sorbitol agar block to the root cap (Takano et al. 1995a) .
Even though the ageotropum mutant has been a useful tool for demonstrating the existence of the hydrotropic response of roots, little is known about how perception, transduction, transmission, and the growth response is accomplished. Some recent studies suggest that the perception site for hydrotropism in primary roots of ageotropum mutant is the root cap (Jaffe et al. 1985 , Takahashi and Suge 1991 , Takahashi and Scott 1993 . Also, it has been shown that the application of IAA to the elongation region can induce tropistic-like curvature in the mutant (Scholdeen and Burstrom 1960) . Additionally, treating the root cap with calcium enhances hydrotropic curvature (Takano et al. 1995b) , while a pretreatment with EGTA delays hydrotropic curvature Suge 1991, Takahashi 1994) . However, there is still little or no information regarding the perception mechanism and how the transduction and transmission of the hydrotropic signal to the elongation region occurs. In this study, we have used the ageotropum mutant to investigate both the threshold time for perception of an osmotic stimulation and the minimum time required for signal transduction and transmission in roots following an osmotic stimulation at the root cap. In addition, we have compared the threshold times and signal transmission times of hydrotropism in the ageotropum roots to the gravity response of Alaska pea roots. Thus, these studies not only contribute important information on the hydrotropic response of roots, but are also useful for examining commonalities between the hydrotropic and gravitropic responses of pea roots.
Materials and Methods
Plant materials-Pea (Pisum sativum L.) plants used in these experiments were from the pea cultivar Alaska and the pea mutant ageotropum. The Alaska cultivar exhibits normal tropistic responses. Seedlings of this cultivar were used only for experiments on the presentation time for the gravity response of roots. Unlike the Alaska cultivar, shoots of the ageotropum mutant exhibit a light-dependent gravitropic response, while roots of the ageotropum mutant are agravitropic regardless of light conditions (Jaffe et al. 1985 , Takahashi et al. 1996 , Takahashi and Suge 1991 . The ageotropum mutant is the result of an X-ray induced mutation of the pea cultivar Weibull's Weitor (Blixt et al. 1958) . The parental Weibull's Weitor cultivar was unavailable for experimentation. The seeds of the ageotropum peas were originally provided by G. Max, New York Agricultural Experiment Station, Geneva, N.Y., U.S.A., and propagated by T. Ohba, Watanabe Seed Co., Kogota, Japan. Pea seeds were germinated by placing them on wetted filter paper in a stainless steel container for 2-3 days at 25°C in the dark. Seedlings with straight roots 30-40 mm in length, were mounted vertically on a wetted styrofoam board wrapped in cheesecloth by attaching the cotyledons to the board with insect pins. This arrangement allowed approximately 20 mm of the apex of the root to be suspended in the air for experimentation. During experiments, the styrofoam board was kept in a humid acrylic chamber as described previously (Takano et al. 1995a ). Roots were allowed to equilibrate to the chamber conditions for a 60 min period prior to experimentation.
Asymmetric osmotic stimulation of ageotropum roots and the determination of the threshold time for root hydrotropism-
In experiments which examined the hydrotropic response of ageotropum roots, asymmetric osmotic stimulation was accomplished by placing sorbitol agar blocks on the region of the root corresponding to the root cap as described previously (Takano et al. 1995a ). Briefly, a single sorbitol agar block (lxlxl mm; 2 mM MES buffer, pH 6.3; D-Sorbitol, -1 MPa) was applied unilaterally to the root cap of an ageotropum pea root for periods of time varying from 0-8 h. Then, measurements of root curvature were taken each hour for a period of 8 h and one final measurement 24 h following osmotic stimulation. The threshold time for osmotic stimulation was determined by extrapolation to the intercept of a plot of curvature response vs. stimulation time as described by Johnsson and Pickard (1979) for gravitropism. The side of application of the sorbitol agar block was varied to prevent any effects associated with thigmotropism.
Determination of the minimum signal transmission time for hydrotropism in ageotropum and gravitropism in Alaska pea roots-In the experiments which examined the signal transmission time from the root cap to the elongation region of the root, sorbitol agar blocks were asymmetrically applied to root caps for a 5 min period; after which the root cap was excised at varying time periods ranging from 0 to 180 min. Measurements of root curvature were taken following 24 h from the time of agar block application. The signal transmission time for the gravity response of Alaska pea roots was determined by placing the roots horizontally (gravistimulation) and then excising the root cap at 5, 15, 30, and 60 min following gravistimulation. The side of application of agar blocks and the initial excision cuts of the root cap were varied.
Curvature measurements-The degree of root curvature was determined by making a tracing of the root noting the position relative to the agar block. The amount of curvature was then determined from these tracings using a goniometer. All reported findings are the average values for a minimum of 30 determinations of degree curvature in each experimental trial.
Results
Determination of the threshold time for the preception of root hydrotropism-Exposing the root cap to longer periods of osmotic stimulation (the asymmetric application of a sorbitol block) increased the initial rate of hydrotropic root curvature during the first 8 h of curvature response (Fig. 1) . The most rapid curvature responses occured in roots which were osmostimulated for the full 8 h period. As the length of exposure time decreased, the rapidity with which curvature was first observed also decreased. However, osmostimulation periods as short as 5 min did induce root curvature, although the majority of root curvature occurred only after a 4 h lag period compared to roots which were osmostimulated for more than 30 min. Plots of mean curvature vs. duration of osmostimulation were constructed for the measurement time periods between 3 and 8 h shown in Fig. 1 . The extrapolation of these plots to the intercept point was used to determine the threshold time for osmotic stimulation (Johnsson and Pickard 1979) . In all cases, the threshold time for root hydrotropism was less than 2 min. Time of osmotic stimulation (min) Fig. 3 Extending the curvature response time to 24 h showed that lower levels of osmotic stimulation induced a greater magnitude of root curvature. Root curvature was measured following 24 h after osmotic stimulation from an asymmetrically applied sorbitol agar block for periods of time ranging from 0 to the full 24 h of the measurement period. Tracings of the roots following 24 h were made and curvature determined using a goniometer. Curvature values are the averages of 30 determinations±2SEs. stimulation of roots with an asymmetric application of sorbitol would cause root curvature to fluctuate yielding much lower values of final curvature (approximately 40 degrees). Thus, we also ascertained the long term (after 24 h) degree of curvature of roots following various periods of osmostimulation. The results of these experiments are presented in Fig. 3 . The largest average degree of long term curvature was observed in roots which were pretreated with sorbitol for only 5 min (113 degrees). Further, as the time of osmostimulation with sorbitol increased, the average degree of long term root curvature decreased. The 60, 120 min and 8 h sorbitol treatments exhibited similar long term average degree of curvature as those values reported by Takano et (Fig. 4A ) than gravistimulation (Fig. 4B) . The time necessary for transduction and transmission of the perceived stimulation in the root cap to the rest of the root in hydrotropism and gravitropism was determined by stimulating the roots, removing the cap at various time periods following stimulation, and then determining the development of root curvature. Osmotic stimulation in hydrotropism was accomplished through the asymmetric application of a sorbitol agar block for 5 min. In the case of gravitropism, stimulation was done by reorienting roots to a horizontal position. Root curvature was determined using a goniometer, 24 h after stimulation of the roots. Curvature values are the averages of 30 determinations± 2SEs.
al. (1995a). Allowing roots additional time for root curvature did not significantly alter these results (data not shown).
Comparison of the signal transmission time for the hydrotropic signal of ageotropum roots and the gravitropic signal of Alaska pea roots-The time required for signal transduction and transmission of the hydrotropic signal of ageotropum and the gravitropic signal of Alaska from the root cap were determined by stimulating the roots and then removing the root cap after a designated period of time. In the case of ageotropum, osmostimulation was accomplished by treating the root cap with a sorbitol agar block for 5 min. Gravistimulation of Alaska was achieved by orienting the roots to a horizontal position. The degree of curvature of the various root treatments was determined after 24 h. The results of these experiments are presented in Fig. 4 . Curvature associated with osmostimulation of ageotropum required on average 120 min for the induction of complete root curvature. Increasing treatment time of osmostimulation (by leaving the sorbitol block in place) altered the extent of curvature by decreasing the curvature response (Takano et al. 1995a ). The signal transduction and transmission time for gravicurvature was significantly less in Alaska pea roots. As seen in Fig. 4 , the average minimum time period necessary for the root cap to remain attached to the root and still allow for gravity induced root curvature was 30 min. Thus, the signal transmission time from the root cap for the hydrotropic response of the ageotropum pea mutant was 90 min longer than that required for the gravitropic response of Alaska pea roots.
Discussion
The results of this paper provide information which characterizes the response of roots to an osmotic stimulation (the asymmetric application of sorbitol to the root cap) which in turn is useful in understanding how roots sense and respond to water gradients in the soil. Our results indicate that the threshold time for the perception of an osmotic stimulation in root hydrotropism is less than 2 min. The threshold time for perception is very rapid using either the older approaches for determining threshold times (Brain 1926 , Hawker 1932 ) based upon observable curvature (5 min or less), or the approach of Johnsson and Pickard (1979) which relies upon extrapolation to the intercept point of a plot of curvature response vs. stimulation time (less than 2 min). The very rapid threshold time for perception of osmotic stimulation is similar to the threshold time for root gravitropism which has been reported to be as low as 20 s in the case of Artemisia roots (Larsen 1957) and Vicia roots (Audus 1975) and is generally accepted to be lower than 5 min for most plant roots (Johnsson and Pickard 1979) . Takano et al. (1995a) have previously reported that the application of a sorbitol agar block to the root cap of ageotropum would induce hydrotropic curvature which would initially approach 90 degrees curvature away from the side of sorbitol application, after which root curvature would oscillate before curvature of the roots returned to approximately 40 degrees away from the side of application. This result suggested that either roots were not able to redirect growth more than 40 degrees in response to an osmotic gradient in the root cap, or the application of sorbitol at this concentration initially induces the hydrotropic response, but exposure to an osmoticum of this magnitude for an extended period of time might cause a cessation of hydrotropic curvature. To determine the answer to this question, we examined the curvature response of roots to differing time periods of osmotic stimulation (0, 5, 15, 30, 60, 120 min and 24 h) over an extended period of time (24 h). The exposure of root caps to 60, 120 min and 24 h of sorbitol-induced osmotic stimulation yielded similar results as those of Takano et al. (1995a) . However, decreasing the time of osmotic stimulation below 60 min increased the extent of root curvature, with only 5 min of exposure to sorbitol causing an average of 113 degrees of curvature away from the side of application. Given that we determined the threshold time for osmogradient perception is less than 2 min, it may be possible to induce curvature with exposures to sorbitol of less than 5 min, although this will also most likely extend the lag time between osmostimulation and the initial curvature beyond 6 h. We speculate that the longer exposure period times may either overstimulate the root cap or destroy the water gradient in the root cap through the simple diffusion of sorbitol across the root cap. The greater magnitude of root curvature associated with smaller levels of osmoticum stimulation suggests that roots may be able to slowly respond to very small moisture gradients which exist in the soil. The ability of roots to respond to small moisture gradients would help invalidate the early suggestions of Loomis and Ewan (1936) and more lately Hershey (1992) that moisture gradients large enough to induce hydrotropism could not exist in the soil; and support recent reports of root curvature induced by low osmoticum stimulation (T. Hirasawa, personal communiction). The determined threshold time for hydrotropic stimulation suggests that the perception of the sorbitol-induced osmotic stimulation in the root cap is very rapid as in the gravity response. Thus it would appear that although the physiological mechanisms for perception in root hydrotropism and gravitropism almost certainly differ, the ability of roots to detect changes in the surrounding water environment is very rapid as in the case of graviperception. The two tropistic responses also most likely share some commonalities between signal transduction, signal transmission and growth response mechanisms. Some reported evidence of shared physiological mechanisms between root hydrotro-pism and gravitropism include: (1) the redirectioning of growth in both hydrotropism and gravitropism is due to differential growth rate in the elongation region, (2) the auxin inhibitor 2,3,5-triiodobenzoic acid inhibits both hydrotropism and gravitropism, and (3) the application of the calcium chelator EGTA alters hydrotropism and gravitropism Suge 1991, Takahashi 1994) .
However, there is a much longer latent period between the observable curvature associated with hydrotropism than that reported for gravitropism. We have presented evidence in this note that there is a difference in the time it takes for the hydrotropic signal to leave the root cap relative to the gravitropic signal. In ageotropum roots, osmotically stimulated root curvature requires the root to remain intact 90 min longer than in gravity stimulated root curvature of the Alaska pea (comparison of Fig. 4A, B) . This 90 min longer requirement for hydrotropism suggests that there is some variation between the signal transduction and transmission mechanisms in root hydrotropism and gravitropism.
It is unlikely that this longer latent period between perception and response is related to IAA responsiveness since Scholdden and Burstrdm (1960) have demonstrated that the elongation region of ageotropum is fully responsive to the asymmetric application of IAA. Likewise it is unlikely that calcium sensitivity in the root cap has been compromised in ageotropum since experiments which manipulate calcium levels in the root cap alter the hydrotropic response (Takahsahi and Suge 1991 , Takahashi 1994 , Takano et al. 1995b ). The comparison of the gravity response in Alaska with hydrotropic response of the ageotropum mutant could be explained by a difference in anatomy and physiological responsiveness of the two cultivars due to genetic variation. The parental cultivar of ageotropum (Weibull's Weitor) was not available for these experiments. However, in other studies with ageotropum the root anatomy and ultrastructure of ageotropum was found to be very similar to pea cultivars which were fully graviresponsive and the ageotropum mutant has amyloplasts which sediment during gravity reorientation, with comparable movement patterns to normally graviresponsive roots (Olsen and Iversen 1980) . Also, the root elongation rate of Alaska and ageotropum and the growth response to applied IAA (Scholdeen and Burstrom 1960) and calcium (Takahashi and Suge 1991 , Takahashi 1994 , Takano et al. 1995b does not significantly vary. Finally, clinostated Alaska roots respond to hydrostimulation at approximately the same rate of response as ageotropum roots (Takahashi et al. 1996) . Thus, the increased latent period between perception and final curvature during the hydrotropic response is unlikely to be due to either a delayed response to osmotically induced calcium gradients in the root cap, IAA induced root curvature in the elongation region, or genetic variation in anatomical and physiological features of the two cultivars compared. This does not rule out the possibility that in the case of ageotropum hydrotropic response, the mutant is unable to develop calcium or IAA asymmetry in the root cap and elongation region respectively in response to an osmostimulation. Nor can we establish which of the signal transduction and transmission steps are altered in the mutant. However, we can conclude that there must be a difference in the signal transduction and transmission mechanisms in root hydrotropism and gravitropism. Future studies undertaken with the ageotropum mutant will concentrate on how a signal is developed following perception in the root cap, and the transmission of this signal to the elongation region. These studies should yield useful information on both the physiological mechanisms responsible for hydrotropism and also provide insights into the mechanisms underlying signal transduction and transmission in root gravitropism. 
